Retinal degenerative diseases are the leading causes of blindness worldwide. Replacing lost retinal cells via stem cell-based therapies is an exciting, rapidly advancing area of translational research that has already entered the clinic. Here, we review the status of these clinical efforts for several significant retinal diseases, describe the challenges involved and discuss how basic developmental studies have contributed to and are needed to advance clinical goals.
Introduction
The retina consists of the multi-layered neural retina (NR) and the monolayer of retinal pigment epithelium (RPE). As with other parts of the central nervous system, the adult mammalian retina has limited regenerative capacity, and thus NR or RPE cell death can lead to irreversible vision loss. Retinal degenerative diseases, such as glaucoma, retinitis pigmentosa (RP) and age-related macular degeneration (AMD), are characterized by the early loss of specific cell types: retinal ganglion cells (RGCs), photoreceptors or RPE cells, respectively (Davis et al., 2016; De Jong, 2006; Ferrari et al., 2011) . Eventually, this leads to a common pathophysiology: the dysfunction of light-sensing photoreceptors, which results in untreatable blindness (Berson, 1993; De Jong, 2006; Quigley, 1993) . Available therapies for some of these diseases can slow disease progression or relieve symptoms, but currently there are no effective treatments to restore vision. The rapidly increasing incidence of untreatable blindness worldwide due to ageassociated degenerative disease and the burden of inherited retinal disease underscore the need for novel treatments (Quigley and Broman, 2006; Wong et al., 2014) . Replacing dysfunctional retinal cells using stem cell-based therapies has the potential to alleviate symptoms or possibly cure these diseases, and represents a transformation in our approach to treating vision loss.
A key challenge for retinal cell therapy is to obtain the desired cell types robustly, efficiently and in large numbers. Stem cells, particularly human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), are a valuable cell source for deriving retinal cell products. Typically, hPSCs must pass through a sequence of cell stages representing their in vivo development in order to differentiate appropriately into specialized retinal cells. This involves the formation of the anterior neural plate (ANP), then the eye field, then the optic vesicle, followed by the specification of naive NR versus RPE, before finally producing the various retinal cell types. Here, knowledge gained from basic developmental studies using model organisms has been of paramount importance for developing these differentiation protocols, and it is now possible to produce functional retinal cell types efficiently from hPSCs. Despite this progress, however, the production of human retinal cells at the quality and quantity required for clinical use remains challenging. A better understanding of the underlying mechanisms that control retinal development is fundamental for improvements to these protocols, and thus for the delivery of stem cell-based therapies for retinal disease.
In this Review, we summarize the current understanding of retinal development, with a particular emphasis on the key events that drive the specification of the RPE and the NR, the latter of which originates from retinal progenitor cells (RPCs). We then discuss how this knowledge has been applied to generate human retinal cells -RPE cells, photoreceptors and RGCs -in vitro from hPSCs. Some of these cells have already entered clinical trials for various retinal diseases, whereas others are still in the preclinical phase. We discuss existing treatments for retinal diseases such as AMD, RP and glaucoma, and consider how hPSC-derived retinal cells may represent a more attractive therapeutic alternative. Finally, we summarize some of the challenges facing stem cell therapies for retinal disease, for example maturation and integration of the hPSCderived cells, as well as the possible immunogenicity of transplanted cells. Even in light of these and other challenges, it is clear that stem cell therapies hold tremendous promise for the treatment of some retinal diseases. With continuously refined protocols for differentiation and the possibility of genetic engineering, we expect this field will continue to move forward at an impressive rate.
Retinal development
Retinal development has been studied for many years using many different model organisms. The summary we present here is a general overview formed from studies in vertebrates, and focuses on those events that are key to the development and specification of the cell types most affected in human retinal disease. For a more detailed description of retinal development, we refer the reader to two review articles (Centanin and Wittbrodt, 2014; Heavner and Pevny, 2012) .
Formation of the optic cup
Gastrulation and neurulation result in the initial formation of the nervous system, in the form of the neural plate, and the specification of the eye field located within the ANP (Fig. 1) (Li et al., 1997) . The eye field initially forms as a single domain in the early ANP but is subsequently split into two lateral eye primordia under the influence of the prechordal mesoderm. The two eye primordia then undergo extensive reorganization and evagination, resulting in the optic vesicles. Subsequent optic cup formation is the result of consecutive and reciprocal inductive interactions between the neuroepithelium of the ventral forebrain, surface ectoderm, and extraocular mesenchyme, which is both neural crest and mesoderm derived (Adler and Canto-Soler, 2007; Fuhrmann, 2010) . As the evaginating optic vesicle makes contact with the mesenchyme and the ectoderm, it divides into a distal domain and the more proximal/ ventral domains (Heavner and Pevny, 2012) (Fig. 1) . The distal domain and its overlaying surface ectoderm become thickened and invaginated, forming the inner layer of the optic cup and the lens vesicle, respectively. Inductive signals including fibroblast growth factors (FGFs) and bone morphogenetic proteins (BMPs) from the overlaying lens placode drive the inner layer of the optic cup towards becoming NR (Kuribayashi et al., 2014; Pandit et al., 2015; Pittack et al., 1997; Zhao et al., 2001) . The proximal domain of the optic vesicle becomes the outer layer of the optic cup and develops into the RPE layer under the influence of the extraocular mesenchyme and the nearby overlying surface ectoderm (Fuhrmann et al., 2000; Muller et al., 2007) . Thus, a bilayered optic cup is formed. The most proximal/ventral domain of the optic vesicle narrows into the optic stalk, the cavity filling with RGC axons to create the optic nerve at later stages of retinal development (Fuhrmann, 2010; Heavner and Pevny, 2012; Molotkov et al., 2006) (Fig. 1) .
Specification of the RPE
At the optic vesicle stage, both distal and proximal domains are bipotential and capable of giving rise to either NR or RPE (Reh and Pittack, 1995) . The basic helix-loop-helix (bHLH) transcription factor Mitf and homeobox protein Otx2 are the key regulators of RPE differentiation, and they work synergistically to control the RPE gene network and facilitate RPE differentiation (MartinezMorales et al., 2003) . Mitf is initially expressed throughout the optic vesicle, but becomes restricted to the proximal domain, the presumptive RPE, as the optic vesicle develops into optic cup (Nguyen and Arnheiter, 2000; Nguyen et al., 1997) . The expression of Otx2 has been shown to be diffuse in early optic vesicles and later becomes confined to the region where RPE arises, after the formation of optic cup (Bovolenta et al., 1997) . Morphogens, including Wnts and members of the TGFβ superfamily, also play important roles in RPE differentiation (Muller et al., 2007; Westenskow et al., 2009) . As the proximal domain of the optic vesicle acquires an RPE identity, its distal domain develops into the NR under the influence of the overlying surface ectoderm. Both FGF2 and BMP4 signaling play key roles in activating Chx10 (Vsx2 -Mouse Genome Informatics), and this in turn antagonizes Mitf expression, which is essential for NR identity in the initially bipotential distal domain of the optic vesicle (Horsford et al., 2005; Huang et al., 2015; Nguyen and Arnheiter, 2000; Rowan et al., 2004) .
Specification of the NR
The naive NR is a thin neuroepithelial layer composed of RPCs that can rise to various retinal neurons and Müller glial cells (Wetts and Fraser, 1988) . Retinogenesis is a highly dynamic and precisely controlled process involving FGF2 (Hicks and Courtois, 1992) , insulin-like growth factor (IGF) (Meyer-Franke et al., 1995) , BMP (Lan et al., 2009) , Nodal (Sakuma et al., 2002) , Wnt (Ouchi et al., 2005) and Notch (Louvi and Artavanis-Tsakonas, 2006 ) signaling pathways, which transforms the naive NR into the mature retina with its characteristic laminar cytoarchitecture. There are three major layers in the mature retina: the outer nuclear layer (ONL), consisting of primary sensory neurons including rods and cones; the inner nuclear layer (INL), consisting of interneurons including horizontal, bipolar and amacrine cells, as well as the cell bodies of Müller glia; Fig. 1 . Schematic of the key stages of retina development. Beginning with the blastocyst, which contains the pluripotent inner cell mass, gastrulation and neurulation lead to formation of the neural plate. The early eye field is located in the anterior neural plate (ANP) and develops into the optic vesicles. Blocking the activity of BMP, TGFβ and Wnt (red) promotes ANP development. Invagination of the optic vesicle leads to formation of the bilayered optic cup. The inner layer of the optic cup develops into the neural retina (NR) and the outer layer develops into the retinal pigment epithelium (RPE). Activation of FGF and IGF1 pathways (green) facilitates not only development of the ANP but also subsequent optic vesicle/cup formation and retina development. Wnt, FGF, BMP, Notch, SHH, RA and activin A signaling pathways (green) are involved in the specification of the RPE and NR. These factors have been used to promote NR and RPE production from stem cells in vitro, but the specific combinations and concentrations of each factor and the schedule of addition remain to be optimized for each lineage. It is also possible that additional factors not yet identified, and potentially specific to human retinal development, will aid neural retinal and RPE differentiation. and the ganglion cell layer (GCL) consisting of long projection RGCs (Heavner and Pevny, 2012) . The retina processes visual signals originating in photoreceptors and sends output to the brain via the RGC axons that run in the optic nerve to the optic chiasm where they partially decussate, parsing to run in the contra-and ipsilateral optic tracts. The bilateral optic tracts project posteriorly around the midbrain and form synapses at the lateral geniculate nucleus (LGN). LGN axons then travel through the deep brain as optic radiations and reach the primary visual cortex Herrera, 2007, 2014) .
Most, if not all the RPCs in the naive neural retina, express all the eye field transcriptional factors, including ET (Tbx3), Rx (Rax), Pax6, Six3, Six6 (also known as Optx2), Tll (Nr2e1) and Lhx2 along with Chx10 and Sox2 (Heavner and Pevny, 2012 and references therein) . Different expression profiles of additional transcription factors contribute to cell heterogeneity and generate bias in progenitor competency. For example, Otx2 + RPCs and Cdh6 + RPCs exist in the developing retina, and each subset exhibits bias towards generating a unique combination of retinal neurons (Cepko, 2014) . Adding to this heterogeneity, RPCs display intrinsic changes in their competency to produce different retinal cell types as retinogenesis progresses (Cepko, 2014) . This complex process yields numerous types of retinal progeny. In addition to the major cell classes, accumulating evidence suggests that there are multiple types of horizontal, bipolar, amacrine and RGCs based on cell morphology, transmitter expression profile and synaptic connectivity, indicating that we still have much to learn about the differentiation of retinal lineages (Masland, 2012) . New techniques, such as single-cell transcriptomics, are advancing our understanding of RPC and retinal cell heterogeneity, with 39 distinct populations already identified in the mouse (Macosko et al., 2015; Young, 1985) and a greater diversity anticipated in humans.
Generating human retinal cells in vitro
The substantial body of knowledge regarding retinal development in vivo, which has been acquired largely from animal models, can be used to guide efforts to produce human retinal cells from stem cell sources. Starting from hPSCs, the general approach is to apply specific molecules or growth factors at appropriate times to mimic the known in vivo retinogenesis signals. The first step is a period of induction towards the neural fate, and then further patterning and differentiation towards the desired retinal cell fate. The initial induction period often involves growing the PSCs in a 3D format as aggregations termed embryoid bodies or organoids, and, following this, their dissociation into a cell suspension that is then re-plated to create a cell monolayer, if this is desired. As described above, retinogenesis involves the FGF, IGF, BMP, Nodal, Wnt and Notch signaling pathways, and step-wise application of a combination of factors to modulate these pathways in vitro has successfully directed hPSCs towards a range of retinal fates.
Derivation of hPSC-RPE cells
Numerous different protocols exist for the differentiation of hPSCs into RPE (Table 1) . Remarkably, RPE cells can spontaneously differentiate from hESCs if FGF2 is removed from the culture medium (Klimanskaya et al., 2004) , a finding later recapitulated using hiPSCs (Buchholz et al., 2009 ). This protocol can reliably derive RPE cells that grow on various culture substrates (Rowland et al., 2013) and in various culture media, but is inefficient (depending on the PSC line) and time-consuming (taking at least 2-3 months). To achieve higher efficiency, factors that regulate the formation of the RPE in vivo, such as Wnt and Nodal antagonists, have been applied at an appropriate time in the differentiation process (Osakada et al., 2008 (Osakada et al., , 2009 ). Activin A is a TGFβ family member involved in the development of the RPE from the optic vesicle stage, and exposure to activin A for two weeks during the third or fourth week of differentiation dramatically increases the efficiency of RPE production from hESCs (Idelson et al., 2009 ). Zahabi et al. (2012) demonstrated that serial addition of noggin (a BMP4 antagonist), FGF2, retinoic acid (RA) and sonic hedgehog (SHH) to hiPSCs directed them to generate RPE cells at an efficiency of ∼60% after 2 months (Zahabi et al., 2012) . Combined application of the retinal inducing factors IGF1, noggin, the Wnt inhibitor Dkk1 and FGF2, and the RPE inducers activin A and nicotinamide, was reported to facilitate rapid RPE generation, within 14 days after the onset of differentiation and with ∼80% efficiency . Small molecule approaches to stimulate hPSC-RPE generation have also been described (Maruotti et al., 2015) . Despite these advances, even the most efficient protocols can result in residual iPSCs, but manual 'picking' under the microscope or enzyme-based selection of emerging RPE colonies followed by re-plating can lead to highly pure RPE cultures (Maruotti et al., 2013) . Importantly, although hPSC-derived RPE cells produced by these different methods tend to appear morphologically similar and express appropriate markers, it is important to demonstrate that the cell products are properly differentiated as expected. Rigorous physiological testing, and comparison to native RPE cells as a 'gold standard' can help ensure that RPE products are functionally authentic (Miyagishima et al., 2016) .
Derivation of hPSC-photoreceptors
Derivation of photoreceptors in vitro from hPSCs has been challenging, especially to produce the mature outer segments -the delicate extension of photoreceptors that holds the light-sensitive pigment embedded in membrane stacks. Various different protocols exist, some of which have focused on generating RPCs that can differentiate more fully into photoreceptors in situ after transplantation (Table 2 ; Ikeda et al., 2005; Lamba et al., 2006) . In vivo, both BMP and Wnt signaling must be inhibited to favor ANP development, whereas IGF1 is required to promote retinogenesis (Glinka et al., 1997; Mellough et al., 2012; Pera et al., 2001) . In an attempt to recapitulate these signals, Lamba and colleagues used a combination of noggin (a BMP signaling inhibitor), Dkk1 (a Wnt signaling antagonist) and IGF1 (an inducer of the eye field) supplemented in the culture medium, which resulted in the first successful differentiation of hESCs into RPCs (Lamba et al., 2006) . The resulting cells exhibited further differentiation into photoreceptors when co-cultured with mouse retinal tissues (Lamba et al., 2006) . In a later study, a more homogeneous population of hiPSC-derived photoreceptors was obtained by fluorescence-activated cell sorting (FACS) for cells expressing GFP under the control of the human interphotoreceptor retinoid-binding protein (IRBP; also known as retinol binding protein 3) promoter, which is specific to photoreceptors (Lamba et al., 2010) . Although this approach is suitable for obtaining more a homogeneous population of cells for the purpose of research, it is unlikely to be a strategy appropriate for clinical use due to the use of lentiviral vectors and proteins of non-human origin, which present a safety concern and could interfere with normal cell function. hESC-RPCs have also been successfully produced by inhibition of Wnt and Nodal signaling, and further differentiation into photoreceptors was achieved with supplementation of RA and taurine (Osakada et al., 2008 ). Additional refinement of the process by combining previously published methods into a three-step protocol has been reported to markedly increase the efficiency of photoreceptor generation (Mellough et al., 2012) .
Given the difficulty of differentiating mature photoreceptors from hPSCs in 2D cultures, approaches that use 3D retinal organoid cultures might be met with more success (see Table 3 ), owing to the more complex environment that resembles the in vivo retinal anlage. In an early study using mouse ESCs, Hirano and colleagues demonstrated evidence for the formation of 3D ocular structures (Hirano et al., 2003) . Subsequently, Yoshiki Sasai's group made considerable progress in growing self-organized 3D optic cups from hESCs, and showed the formation of photoreceptors with reasonable inner segments and connecting cilia (Nakano et al., 2012) . In their study, a serum-free and growth-factor-reduced medium was used to create embryoid body-like aggregates, and treatment with the Notch inhibitor DAPT over days 29-43 dramatically accelerated photoreceptor differentiation, which was 40-78% on day 43 but only 12-18% on day 126 in the absence of DAPT (Nakano et al., 2012). Zhong et al. (2014) reported (Reichman et al., 2014) hiPSCs EBs formed in differentiation medium+10 mM NAM±chetomin.
At 3 w, switched to RPE medium, fb cells re-plated in RPE medium.
NAM, chetomin 30 d FACS sorted GFP + RPE cells; efficiency not specified. (Maruotti et al., 2015) Additional protocols to generate RPE using 3D culture techniques are listed in Table 3 . EB, embryoid bodies; SR, serum replacement; GFP, green fluorescent protein; d, day(s); w, week(s); m, month(s); fb, followed by; +, plus. For all abbreviations in culture method notes and key factors, see associated reference.
successful induction of fully laminated 3D retinal tissue from hiPSCs, including photoreceptors with outer segment discs that showed some response to light (Zhong et al., 2014) . In this protocol, RA was added to the culture medium over various time periods to stimulate photoreceptor production. Addition of RA over weeks 10-14 induced ∼33% photoreceptors by week 17, increasing to 90% by week 21 (Zhong et al., 2014) . The differentiated photoreceptors were shown by electron microscopy to have formed outer segments and they were able to respond to light by week 25-27, as assessed by voltage-clamp recordings (Zhong et al., 2014) . The progress in 3D retinal organoid culture and the success of photoreceptor differentiation with advanced functional maturation make it possible to study human photoreceptors, and explore the application of this lineage in cell transplantation therapeutic applications.
Derivation of hPSC-RGCs
As with RPE and photoreceptor differentiation, the addition of small molecules and growth factors to the hPSCs grown in culture can promote RGC development (see Table 4 ). In the early steps of RGC specification, RPC generation is promoted by noggin, DKK1 and IGF1 (Lamba et al., 2006; Tucker et al., 2013) , then RGC differentiation ensues. Riazifar et al. reported functional RGC differentiation from both hESCs and hiPSCs with an efficiency of 30% using a Notch inhibitor (Riazifar et al., 2014) . Later, a selfinduction protocol of RGCs from hiPSCs modified from a 3D retinal generation protocol was reported (Tanaka et al., 2015) . In this protocol, 3D optic vesicle-like structures were first generated, and these were then attached in adherent 2D cultures, enabling the RGCs to grow long axons by day 50. RA was added 3 days before attachment to promote RGC axon growth (Tanaka et al., 2015) . ( Tucker et al., 2013) Additional protocols to generate PRs using 3D culture techniques are listed in Table 3 . EB, embryoid bodies; SR, serum replacement; d, day(s); w, week(s); m, month(s); fb, followed by; +, plus; −, without. For all abbreviations in culture method notes and key factors, see associated reference.
Successful differentiation of RGCs from a hESC cell line was obtained by removing the factors that favor photoreceptor induction and instead adding forskolin, an adenylate cyclase activator known to increase RGC neurite outgrowth, probably via inhibition of the SHH signaling pathway, which itself is an inhibitor of RGC differentiation . This protocol employed a clustered regularly interspaced short palindromic repeats (CRISPR)-engineered reporter that allowed subsequent purification of differentiated RGCs by FACS. More recently, RGC production from hPSCs was accomplished using a stepwise differentiation protocol starting with embryoid bodies (EBs) that were grown in neural induction medium, followed by retinal neurosphere isolation and subsequent RGC differentiation (Ohlemacher et al., 2016) . Of the resulting cells, 36.1%
expressed the RGC-associated transcription factor BRN3 (POU4F1) within the first 40 days of differentiation (Ohlemacher et al., 2016) . In summary, successful differentiation of hPSCs into retinal cells is possible by supplementation of a combination of growth factors or small molecules that mimic the signals that occur during in vivo retinogenesis, as well as the use of either 2D or 3D culture approaches, depending on the specific cell type to be produced. Still, issues remain to be resolved, including the ability to enrich for specific retinal subtypes, given that methods currently produce a mix of different cell types. Although FACS enrichment has achieved ∼80-90% purity in the research setting, introduction of markers or antibody surface labeling might not be desirable for clinical use. The risk of tumor formation caused by contamination of undifferentiated stem and prolific progenitor cells is still a potential problem in cell transplantation application, and further emphasizes the need to optimize protocols. Methods to accelerate the process and produce enriched cell populations with high purity by direct reprograming are also being pursued. In a recent study, fibroblast-to-RPE conversion was achieved by the overexpression of key transcription factors PAX6, LHX2, OTX2, SOX9, MITF, SIX3, ZNF92, GLIS3 and FOXD1 (D'Alessio et al., 2015) . Direct reprograming is an exciting advance; however, the onus is then on ensuring that the cell product generated in this manner is authentic and stable. Regardless of the method, once optimized protocols to obtain clinical grade cells are established, the manufacturing process can move towards good manufacturing practice (GMP) compliance. Cells can then be delivered from the GMP manufacturing site to the clinical location for transplantation. However, in order to start clinical trials, it is necessary to obtain animal study data supporting the efficacy and safety of the cell product (see Box 1).
Candidate retinal degenerative diseases and stem cell therapies
Degenerative retinopathies that lead to permanent blindness include AMD, RP and glaucoma. The primary cell loss in each of these major diseases is RPE, photoreceptors and RGCs, respectively. By focusing on progress made towards the treatment of each disease, we will illustrate the status of the field and highlight the challenges that need to be addressed.
AMD and RPE transplantation
AMD is the major cause of irreversible blindness in the elderly in the developed world, with an incidence predicted to reach 200 million globally by 2020 (Ambati and Fowler, 2012a; Wong et al., 2014) . It is a degenerative retinal disease that affects the central, macular region of the eye, the region responsible for high acuity color vision. AMD is classified into a dry or wet form based on lack or presence of choroidal neovascularization, respectively (De Jong, 2006) . Dry AMD accounts for about 90% of the AMD cases in the USA and Europe and is characterized by the presence of lipid and protein aggregates termed 'drusen' that gradually accumulate between the RPE and its basal substrate, Bruch's membrane (Ambati and Fowler, 2012b; Johnson et al., 2001 Johnson et al., , 2005 . Drusen deposits lead to a thickening of Bruch's membrane, which inhibits nutrient diffusion from plasma to the RPE and waste removal in the opposite direction, contributing to RPE degeneration (Abdelsalam et al., 1999) . RPE dysfunction/death leads to insufficient phagocytosis of photoreceptor outer segments and subsequent photoreceptor death in the macula, resulting in central vision loss (Sparrow et al., 2010) . As the disease progresses, in some patients (∼10% of total AMD cases), choroidal blood vessels invade the retina, leading to wet AMD and a rapid, devastating loss of central vision (De Jong, 2006) . Currently, vitamin supplementation is recommended to slow dry AMD progression, but this has limited efficacy (Chew et al., 2013) , and anti-vascular endothelial growth factor (VEGF) antibodies are injected intra-ocularly to manage choroidal neovascularization and hemorrhaging in wet AMD (Heier et al., 2012) . There is no effective treatment to reverse dry AMD or to stop it from progressing to wet AMD. Replacement of RPE cells from stem cell sources has the potential to rescue RPE function as an AMD therapeutic. Surgical translocation of RPE from healthy areas into diseased areas has demonstrated positive benefit, but these are difficult surgeries to perform and complications can arise (Stanga et al., 2002) . Nevertheless, these findings provide a proof of concept that transplantation of healthy RPE cells subretinally into diseased areas can be beneficial. Preclinical studies of RPE cell transplantation into animal models started about 10 years ago, with the Royal College of Surgeons (RCS) rats as the most widely used model of RPE-based retinal degeneration (D'Cruz et al., 2000; Dowling and Sidman, 1962; Ramsden et al., 2013) . RCS rats have a mutation in the receptor tyrosine kinase Mertk gene, which impairs outer segment phagocytosis by the RPE layer and leads to secondary photoreceptor death and vision deterioration. Hence, they are frequently used as a model of inherited retinal degeneration. Primate ESC-derived RPEs have been transplanted into the subretinal space of RCS rats and recovery of retinal function was observed (Haruta et al., 2004) . Later, RPE cells were successfully generated from hESCs and subretinal transplantation of these cells into RCS rats resulted in cell survival, photoreceptor rescue and visual function improvement (Idelson et al., 2009; Lund et al., 2006; Vugler et al., 2008) .
In 2011, Advanced Cell Technology, (later Ocata and now Astellas), in the USA launched the first Phase I/II human clinical trial using hESC-derived RPE, and the data indicated a good safety profile (Schwartz et al., 2012) . The three-year follow-up study of three dosage cohorts (50,000 cells, 100,000 cells and 150,000 cells) corroborated good safety and indicated increased general and peripheral vision of the injected eye by visual field testing; visual acuity increased by 11-15 letters in AMD patients at 6 months and 12 months after transplantation, with the fellow uninjected eye showing no vision improvement at these two time points (Schwartz et al., 2015) . A Phase II study with more patients to assess efficacy is expected to report results imminently.
Additional clinical trials with a similar design have been launched in different countries (Table 5 ). RPE cells injected in a cell suspension, as in the ongoing Asteallas trial, might be able to reestablish function, whereas other groups are using patches of previously polarized RPE cells (Falkner-Radler et al., 2011; Seiler and Aramant, 2012) . Inserting a patch requires a larger cut in the retina, which can cause additional complications, and as it is a foreign agent, the substrate itself may cause complications. There could, however, be advantages to transplanting a pre-formed polarized monolayer, as the RPE cells are correctly orientated and have preformed tight junctions. A clinical trial (NCT01691261) investigating the use of a hESC-derived RPE monolayer immobilized on a polyester membrane for wet AMD patients has treated two patients, sponsored by The London Project in collaboration with Pfizer (Table 5) . A similar approach is being used by Regenerative Patch Technologies using hESCs on a parylene membrane. In these studies, the supportive membrane is permanent, and if cells die then the membrane will form a barrier between the retina and endogenous RPE, which could cause retinal cell death. Other groups are using a biodegradable matrix so that once the cells are in position, the matrix will dissolve (Bharti, 2013) . This might be the best option; however, it is not yet known how the products of matrix degradation will affect human retinal function, an important question that will be resolved by an anticipated clinical trial.
iPSCs obtained from patients' somatic cells offer the potential for immune-compatibility. The first Phase I clinical trial of autologous iPSC-derived RPE sheets for wet AMD patients was launched by RIKEN (Rikagaku Kenkyusho Institute), Japan, in 2014. The investigators performed the surgery on the first patient in September 2014 and it was reported that the patient did not experience any serious side effects (Reardon and Cyranoski, 2014; Mandai et al., 2017) . The study was put on hold because genetic mutations were found in cells from the second patient (https://www.newscientist.com/article/ dn27986/). More recently, the approach has been modified towards using allogeneic iPSCs and the clinical trial has resumed.
In addition to these pluripotent sources, cells extracted from the adult human RPE layer can be activated in vitro into a stem cell state, termed RPE stem cells (RPESCs) (Salero et al., 2012) . Importantly, the RPE cells derived from RPESCs in vitro are polarized, express RPE markers and have the key physiological properties expected of native RPE cells (Blenkinsop et al., 2015) . As RPESCs can be obtained readily from eyes donated to eye banks, and are not pluripotent but restricted and poised to make RPE, they may have a safety margin over hPSC-derived products, making them a promising candidate for future cell transplantation therapy for RPE-based retinal diseases.
RP and photoreceptor transplantation
RP is a group of inherited retinal degenerative diseases that are associated with more than 40 genes and inherited in an autosomal dominant (AD), autosomal recessive (AR) or X-linked recessive (XR) pattern (Ferrari et al., 2011) . Approximately 1 in 4000 individuals are affected with RP worldwide (National Eye Institute, USA) and it is the leading cause of inherited blindness (Boughman et al., 1980) . The most common RP subtype is caused by mutations in the RHO gene, which encodes the critical phototransduction protein rhodopsin and accounts for ∼30-40% of AD cases (Ferrari et al., 2011) . In this RP subtype, the primary pathological change affects the photoreceptors: the rods and cones. Initial degeneration of the rods is followed by cone degeneration MACS, magnetic-activated cell sorting; OV, optical vesicle; d, day(s); w, week(s); m, month(s); fb, followed by; +, plus. For all abbreviations in culture method notes and key factors, see associated reference.
and, later, the entire inner retina degenerates as the disease progresses, resulting in disruption of retinal structure (Fahim et al., 2000; Jones et al., 2003; Strettoi and Pignatelli, 2000; Strettoi et al., 2003) . Because of the pathological changes, the clinical manifestation of this RP subtype is characterized by dynamic vision changes, typically with initial loss of night vision in the teenage years followed by a progressive decrease in the peripheral visual field with severe vision damage by 40-50 years of age, and eventually complete blindness (Hartong et al., 2006) . There are no disease-altering treatments for RP, hence significant efforts are being made to replace lost photoreceptors with exogenous cells derived from stem cells. Rods and cones are afferent sensory neurons with only one direction of synaptic connection with the next cell layer within the retina, so it might be easier to achieve incorporation into the native neuronal network than for cells that require substantial and long-distance connectivity. To replace dysfunctional or dead photoreceptors, various forms of transplant have been applied in animal models, including full-thickness retina, photoreceptor sheets (sliced by laser or vibratome), dissociated cells including photoreceptors or the RPCs capable of producing them, and hPSC-derived cells.
Subretinal transplantation of full-thickness retina or photoreceptor sheets is technically difficult. Cell integration and synaptic re-connection of full retina transplantation was found to be less effective compared with dissociated cell transplantation (Aramant and Seiler, 2004; Ghosh et al., 2004) . In vitro expanded RPCs originally isolated from the NR of postnatal day 1 mouse were injected into the subretinal space of mature mice with a degenerating retina. These cells matured to express photoreceptor markers, were able to integrate into the host inner retina and rescue degenerative photoreceptors, and showed improved light-mediated behavior (Klassen et al., 2004) . In another study, hESC-derived photoreceptor precursor cells were transplanted subretinally into the Crx −/− mouse model and an improved light response was observed with cell integration in the host retina (Lamba et al., 2009) . Similarly, hiPSC-derived photoreceptors survive and integrate into the wild-type mouse retina (Lamba et al., 2010) . Tucker et al. reported similar findings in a degenerative mouse model, where they showed that subretinal injection of mouse iPSC-derived photoreceptor precursors integrated into the retinal ONL and improved electroretinography responses (a measurement of lightmediated trans-retinal function across the whole retina) (Tucker et al., 2011) . A recent mouse 3D retinal organoid study showed that transplanted organoid-derived photoreceptors can survive in the subretinal space and differentially integrate into the retina of mouse models with cone-rod degeneration (Santos-Ferreira et al., 2016) . Interestingly, effective or poor integration was observed in mice with incomplete or complete photoreceptor loss, respectively, indicating that the stage of disease progression has an impact on cell integration. However, some studies have called into question whether transplanted photoreceptors actually integrate, and evidence suggests that they might instead fuse with existing photoreceptors (Singh et al., 2014) . These data demonstrate the importance of understanding the specific cell integration process. Still, if fusion occurs to some extent, and enables exchange of cell 
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hPSC-RPEs
The research pipeline for stem cell therapy, using the USA system as an example, involves producing a clinical grade cell product, typically via good manufacturing practice (GMP) procedures, and evaluating the efficacy and safety of the cell product in animal models of the targeted disease. These preclinical data are included in an Investigational New Drug Application (IND) to the Food and Drug Administration (FDA) along with a clinical trial design. The FDA then has 30 days to issue a decision whether to allow the trial to proceed, or to put it on hold for further evaluation. Clinical trials proceed through four major stages: Phase I, safety in a small number of patients; Phase II, efficacy in a small number of patients; Phase III, efficacy in a larger patient population; and Phase IV, postmarketing surveillance. The current state of progress of stem cell-derived RGC (green), photoreceptor (blue) and RPE (pink) cell transplantation is indicated.
components from healthy donor to diseased host cells and produces effective restoration of vision, then this could still be a viable therapeutic avenue. Overall, the progress in preclinical studies of photoreceptor transplantation in animal models indicates that cell replacement therapy for severe photoreceptor degeneration might be a possibility. More needs to be done to optimize the stage of cells being used for transplantation and to understand and optimize cell integration in order to improve outcomes.
Glaucoma and RGC transplantation
Glaucoma is a leading cause of blindness worldwide (Quigley and Broman, 2006) . It is a chronic and multifactorial retinopathy characterized by progressive RGC loss and optic nerve damage. The most common type is primary open-angle glaucoma (POAG), in which increased intraocular pressure (IOP) causes progressive damage of RGCs and degeneration of the optic nerves (Nickells et al., 2012) . Current treatments for POAG are mainly focused on lowering IOP. However, this strategy cannot always prevent disease progression and some glaucoma patients may not have increased IOP. To improve management of glaucoma, stop the irreversible disease progression and restore vision in these patients, researchers have begun to consider using stem cell-derived RGCs to rebuild the visual perception pathway and restore sight (Sluch and Zack, 2014; Sun et al., 2015) .
Unlike unidirectional photoreceptors, RGCs are projection neurons that need to integrate into a complex synaptic network, extend long processes down the optic nerve and form appropriate connections to achieve functionality. Because of these challenges, RGC transplantation is still at an early stage of preclinical study compared with RPE or photoreceptor transplantation. Mouse ESCs and iPSCs have been successfully differentiated towards the RGC fate in vitro (Chen et al., 2010; Jagatha et al., 2009 ), but after intravitreal transplantation, iPSC-derived RGCs do not integrate into the 5-week-old RGC-injured mouse retina, although the cells survived (Chen et al., 2010) . In contrast, mouse ESC-derived RGClike cells were able to integrate into the retina of postnatal day 7 rats and differentiate into cells with RGC characteristics in situ (Jagatha et al., 2009 ). These studies suggest that the developmental stage of the host is an important factor when considering cell replacement strategies, but why this difference occurs is not yet clear. It could be that the early postnatal niche contains specific factors that are permissive to RGC integration, which are otherwise absent in the adult. Understanding the molecular basis might help to recreate the optimal environment for RGC transplantation in the adult, which is an important hurdle to overcome for effective treatment of glaucoma patients. In contrast to these stem cell-derived RGC transplantation studies, Venugopalan and colleagues have demonstrated that primary RGCs obtained from early postnatal mice that were injected intravitreally were able to integrate into the retina of adult rats (1-3 months), with >60% extending axon-like processes towards the host optic nerve head and forming morphological synapses 1-4 weeks after transplantation (Venugopalan et al., 2016) . This study strengthens the possibility of using stem cellderived RGCs to replace those lost in the adult retina, and indicates that a comparison of stem cell-derived RGCs and primary RGCs at the early postnatal stage would be valuable to help identify cell stage-specific parameters that promote integration into the mature retina. Despite successful engraftment in some cases, studies have yet to show any obvious functional improvement after RGC transplantation, perhaps because of lack of full cell integration and axon growth. If these obstacles can be overcome, stem cell-derived RGCs or RGC precursors could someday become a viable approach for treating patients with glaucoma.
Immunogenicity challenges in retinal stem cell therapy Cell survival and transplantation success are determined not only by cell migration and integration, but also by the extent of immune rejection. Although the subretinal space and the intravitreal cavity are relatively immune privileged sites, damage to the blood-retina barrier, leaky blood vessels and activated microglia cells that are present in diseased or injured eyes or induced by the surgery itself can cause immune rejection and inflammatory responses (Enzmann et al., 1998; Langmann, 2007) . Indeed, immune rejection and inflammatory reactions have been observed after cell transplantation (Boyd et al., 2005) . Earlier studies of retinal transplantation showed that most NR or RPE grafts were eventually subject to chronic immune rejection, even though they were initially accepted (Jiang et al., 1995; Zhang and Bok, 1998) . ESCs express no major histocompatibility complex (MHC) II and only a low level of MHC I, but MHC I was found to be upregulated after transplantation and cell maturation in vivo (Drukker et al., 2002) . Even autologous iPSCs, which should be less immunogenic -and indeed previous studies showed no immune response after transplantation of iPSCderived cells (Araki et al., 2013; Guha et al., 2013 ) -have been reported to produce an immune response when retroviruses were used for reprogramming (Okita et al., 2011; Zhao et al., 2011) . Transplantation of iPSC-derived RPE cells from MHC homozygous donors into MHC-matched histocompatible recipients, in contrast, elicited no signs of immune rejection, indicating that MHC matching is beneficial for a successful allogeneic stem cell transplantation (Sugita et al., 2016) . A thorough understanding of the immunogenicity of stem cells and the optimal immunosuppression regime is essential for future clinical applications.
Conclusion
Much progress has been made towards translating stem cell technology into therapies for retinal disease. Attempts to differentiate retinal cells from hPSCs have been largely successful, guided substantially by knowledge of in vivo retinal development gained from animal models. However, more defined differentiation protocols are required to improve efficiency and to obtain high-quality enriched retinal cells, and cells of the desired stage, given that PSC-derived products tend to reflect a fetal rather than adult stage. Further knowledge, specifically of human retinal development, might help to identify additional key factors that are important for the specification of various human retinal lineages. Applying this knowledge would in turn add to the efficiency and precision of the in vitro cell differentiation process. Such insight into human retinal development has been aided tremendously by the advent of 3D cell culture techniques, guided most prominently by the work of Yoshiki Sasai and colleagues (Nakano et al., 2012) . This work has spurred progress in complex retinal tissue development and has provided the opportunity to study more fully developed retinal cells. In addition to carefully controlling culture conditions with more sophisticated, sequential treatments and 3D cultures that better mimic in vivo development, genetic modification of hPSCs or other somatic cells may prove to be a viable approach to generate specific populations of retinal cells. With protocols already well developed to manufacture highly enriched populations of human RPE cells, the transplantation of stem cell-derived RPE cells has already entered early stage clinical trials, and is demonstrating safety and indications of efficacy. The impressive progress in photoreceptor production and vision restoration after transplantation into animals indicates that photoreceptor transplantation is likely to be the next candidate retinal cell entering the clinic. RGC production and transplantation still pose significant challenges, and solving these will hopefully pave the way to the introduction of other retinal cell types and more complex 3D retinal tissues. Undeniably, further studies are required to understand how retinal neurons can effectively integrate and achieve functional maturation, especially in a degenerating retinal environment in which the disease process perturbs the cell environment and causes synaptic rearrangements and alterations in retinal circuitry that could be difficult to reverse. Lastly, the challenge of immune rejection of transplants needs to be addressed, and here the possibility of using autologous iPSC products is particularly promising, if we can address the current high cost of producing personalized cells. The road to the clinic is undeniably long, but the exciting progress made in these pioneering studies gives us hope that stem cell-based therapies might someday be part of the clinical arsenal to combat blinding disorders.
